Purpose There is increasing concern that environmental chemicals have a direct effect on fertility. Heavy metals such as mercury have been shown to affect various organ systems in humans including nervous system and skin, however they could also act as endocrine disrupting chemicals adversely affecting fertility. Metals such as zinc and selenium are essential micronutrients with diverse functions that may be important for reproductive outcomes. We measured mercury, zinc and selenium levels in the hair, a reliable reflection of long term environmental exposure and dietary status, to correlate with the outcome of ovarian hyperstimulation for in vitro fertilisation (IVF) treatment. Methods We analysed the hair of 30 subfertile women for mercury, zinc and selenium using inductively coupled mass spectrometry. Each woman underwent one cycle of IVF treatment. Correlation between the levels of these trace metals and treatment outcomes was investigated.
Results Thirty women were recruited with mean (±SD) age of 32.7(4.4) years and BMI of 25.4(5.0)kg/m 2 . Hair mercury concentration showed a negative correlation with oocyte yield (p<0.05,βcoefficient 0.38) and follicle number (p=0.03,β coefficient0.19) after ovarian stimulation. Zinc and selenium levels in hair correlated positively with oocyte yield after ovarian stimulation (p<0.05,β coefficient0. 15 ) and (p=0.03,β coefficient0.21) respectively. Selenium levels in hair correlated significantly with follicle number following stimulation (p=0.04, βcoefficient0.22). There was no correlation between mercury, zinc and selenium in hair and their corresponding serum levels. Conclusion These data suggest that mercury had a deleterious effect whilst there was a positive effect for zinc and selenium in the ovarian response to gonadotrophin therapy for IVF. Hair analysis offers a novel method of investigating the impact of long-term exposure to endocrine disruptors and nutritional status on reproductive outcomes.
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Subfertility affects approximately 1 in 6 couples in the developed world [1] , a prevalence that is likely to increase as more women delay childbirth to a later age [2] ; approximately 28% of couples investigated for subfertility have a diagnosis of 'unexplained subfertility' [3] . Current treatment largely consists of assisted reproductive techniques (ART) such as IVF or IVF-ICSI, often regardless of the underlying cause. The average success rate of 25-30% for ART in Europe remains unchanged over recent years [4] , prompting the search for additional factors which may influence fertility treatments and optimise success, and the identification of adverse factors such as endocrine disrupting chemicals.
Although the overall contribution of environmental chemical exposure to infertility is unknown, the available literature suggests that exposure to various environmental factors, may dramatically affect adult fertility [5] . Studies of various contaminant-exposed wildlife populations suggest that multiple mechanisms contribute to changes in gonadal development, maturation of germ cells, fertilization and pregnancy, specifically, the endocrine processes supporting these events [6] . Heavy metal exposure has been identified as a factor affecting human fertility [7] . They may induce hormonal disorders, preventing ovulation and pregnancies [8, 9] . Mercury is one of the heavy metals known to be one of such endocrine disruptors and in a few studies exposure to mercury has been associated with reproductive problems, such as spontaneous abortion, stillbirths, congenital malformations, infertility, disturbances in the menstrual cycle, inhibition of the ovulation and behavioural effects of the offspring [10, 11] . Mercury can also affect the meiotic maturation of mouse oocytes and injure or reduce the reproductive capacity of the mouse [12] .
Nutrition is critical in reproductive success [13] . An adequate intake of elements acting as enzyme co-factors for DNA synthesis and catalysing antioxidant reactions may be of significance; these elements are likely to have a role in folliculogenesis and oocyte maturation where DNA synthesis and reduction of harmful reactive oxygen species (ROS) are crucial processes [14] . However, the relevance of these elements to human infertility treatments is not clearly defined in the literature, particularly in the female. Zinc and selenium are two of such heavy metals which are important for human health.
Measurement of levels of trace elements in hair has been demonstrated to be a reliable indicator of the long term exposure to these elements [15] whilst serum levels are known to reflect more recent exposure. Both methods have previously been used to assess the impact of heavy metals on human health and disease [16] [17] [18] .
We conducted this prospective pilot study to assess the impact of long and short term heavy metal exposure status of mercury, zinc and selenium on the gonadal reponse to gonadotrophin stimulation during a standard long-protocol agonist IVF cycle.
Methods
The study was approved by Hull and East Riding Local Research Ethics Committee. Informed written consent was obtained from all patients. All women from couples presenting with subfertility, but without evidence of prior ovulation, were invited to participate in this study. A lock of hair of approximately 5 g was cut from the nape of the neck, between two and seven days prior to the start of the IVF cycle. At the same time a venous blood sample was collected.
Hair samples were weighed then washed 3x in acetone to remove external contamination, as recommended by the International Atomic Energy Association (IAEA) (Report on the Second Research Co-ordination Meeting of IAEA, Neuherberg, 1985) , and left to dry in a vacuum oven at 40°C overnight. When dry, each sample was digested in 0.5 ml concentrated nitric acid in a Teflon PFA microdigestion vessel for 24 h. The samples were then microwave heated for 30 min at a maximum of 100°C. When cool, each digest was diluted to a standard volume (5 ml) with water incorporating internal standards. Analysis was performed using a Perkin Elmer Elan DRCII inductively coupled plasma mass spectrometer (ICP-MS).
Venous blood samples were centrifuged and the serum snap-frozen after collection. When ready for analysis, the samples were thawed at room temperature and a 0.5 ml aliquot mixed with 0.5 ml concentrated nitric acid. Mercury was not measured in blood, since it remains in the blood stream for only few days after exposure. The samples were centrifuged then diluted to a standard volume of 5 ml with water incorporating internal standards. Analysis was performed using a Perkin Elmer Elan DRCII ICP-MS.
Patients underwent down-regulation with Buserelin Acetate for at least 2 weeks before super-ovulation with a recombinant FSH preparation; the initial dose given based on the patient's age and baseline serum FSH levels, then titrated to ovarian response. HCG was administered after USS monitoring of mature follicle development (size >17 mm). Follicle count was assessed by trans-vaginal ultrasound, and oocyte retrieval performed 36 h after HCG administration. The treatment cycle was abandoned prior to oocyte collection if the total follicle count was below 5, above 25 or if other signs/ symptoms of hyperstimulation were observed. None of the patients had IVF cycles prior to study cycle. None of the patients were on hormonal contraceptives for at least 2 years prior to study cycle.
Correlation was sought between the levels of heavy metals hair (mercury, zinc, selenium) and serum (zinc and selenium) and outcomes of the subsequent classic IVF cycle (Follicle count, oocyte yield at collection, fertilisation and cleavage rates and average embryo quality) using Poisson regression analysis (independent of age and body mass index (BMI) and dose of stimulation drug used). A p value of<0.05 was regarded as statistically significant.
The study was powered according to the sample size for pilot studies [19] . A minimum of 20°-of-freedom was required to estimate effect size and variability; hence, we intended to recruit 25-35 patients allowing for drop-outs and covariate adjustment. ). The mercury concentration in hair was 0.89±0.3 μg/g. The hair and serum levels of zinc were 103.9 (37.0) μg/g and 897.3 (386.4) μg/g respectively. The hair and serum levels of selenium were 0.89 (0.5) μg/g and 100.2 (19.7) μg/g respectively. There was no correlation between the levels of zinc and selenium in hair and their corresponding serum levels.
The mean (SD) follicle count was 13.0 (8.5) and the mean oocyte yield was 9.1(4.9). The mean fertilisation and cleavage rates were 73.8(21.6)% and 77.8 (26.9)% respectively. The mean duration of ovulation stimulation was 11.1 (2.3) days (range: 8-13 days). The mean day 2 FSH was normal (5.8 (1.6) mIU/ml) suggesting sufficient baseline ovarian reserve. Two women had ovarian hyperstimulation (36 and 37 follicles respectively) and one failed to stimulate (0 follicles).
Mercury concentration in hair showed a strong negative correlation after adjustment for age and BMI with oocyte yield (number collected) (p<0.05, β coefficient 0.38) (Fig. 1 ) and follicle number (p=0.03, β coefficient 0.19) after ovarian stimulation.
Zinc levels in hair correlated significantly with oocyte yield (number collected) after ovarian stimulation (p<0.05, β coefficient 0.15) after adjustment for age and BMI (Fig. 2) . This relationship was linear within the range of values detected. There was no significant relationship between zinc levels in hair and follicle number.
Selenium levels in hair also correlated significantly with oocyte yield after ovarian stimulation (p=0.03, β coefficient 0.21). Selenium levels in hair correlated significantly with follicle number following stimulation (p=0.04, β coefficient 0.22) after adjustment for age and BMI (Fig. 3) . The correlation between selenium levels in hair and follicle and oocyte counts was non-linear and closest around a level of 1.5 μg/g.
There was no correlation between the levels of mercury, zinc and selenium in hair and the fertilisation rate, cleavage rate or average embryo quality after IVF in these women. There was no correlation between the serum levels of zinc and selenium and any IVF outcome parameter. There was a negative correlation between the serum selenium level and BMI (p=0.02), but no correlation between hair level of selenium and BMI. There was no significant correlation between zinc in hair or serum and BMI.
Discussion
There was a strong negative correlation between mercury concentration in hair and the ovarian response to gonadotrophin stimulation after an IVF cycle. Conversely, there was a positive correlation between the levels of zinc and selenium in hair in the ovarian response to gonadotrophin stimulation.
There was a significant negative correlation between mercury concentration in hair with follicle count and number of oocytes retrieved after ovarian stimulation even after adjusting for age and BMI. There have been numerous studies on the effects of mercury on the immune system, renal system, cardiovascular, reproductive system and the central nervous system. Human exposure to organic, inorganic and metallic mercury occurs primarily from the consumption of fish, the use of medicinal and cosmetic compounds and dental amalgam, respectively [5, 20] . Additionally, the general population is primarily exposed to mercury through diet and dental amalgam [21] . Some studies have reported women's use of skin-lightening creams and soaps [22, 23] and its association with mercury exposure and this can be of significance for certain ethnic groups [24] . Exposure to metallic mercury alters oestrous cyclicity, but has no significant effect on ovulation, implantation or maintenance of first pregnancy during exposure of short duration in female rats [25] . Prenatal low exposure of mercury from fish consumption during pregnancy has detrimental effects on neurocognitive development in later life [26] [27] [28] . It has also been shown that the blood levels of mercury is higher in infertile couples than fertile couples [29] . The current study shows that higher mercury concentration in hair could signify a poorer response to IVF treatment.
This study showed a positive correlation between the levels of zinc and selenium in hair and the ovarian response to gonadotrophin stimulation for an IVF cycle. Levels of trace elements in hair have been shown to reliably reflect long term nutritional status [15] . Dietary sources of zinc are mainly from high protein foods such as red meats and seafood, and as such the vegetarian diet is prone to lead to deficiency [30] . High levels of selenium are found in brazil nuts, kidney, seafood and cereals, although this is soil dependent and it has been reported that European intake of selenium is falling [31] . Zinc acts as a co-factor for enzymes promoting DNA transcription and protein synthesis [32] , has a role in expression of steroid hormone receptors [33] and has anti-apoptotic [34] and anti-oxidant properties [35] . Studies have demonstrated that a zinc deficiency can lead to subfertility and abnormal reproductive outcomes [36] , and to pregnancy complications [37, 38] . However, previous studies have failed to confirm a role for zinc in human infertility or the response to fertility treatments. One case control study of 48 infertile women and 35 controls found no difference in plasma levels of zinc between the two groups so concluded there was no role for zinc in the pathogenesis of infertility [39] . However, the study measured only plasma zinc concentrations, which only reflect short term zinc turnover. A further study of the zinc levels in the follicular fluid of 33 follicles taken during ART found no difference in the levels between follicles of different sizes, and those that yielded oocytes that were successful and unsuccessful in fertilisation [40] , but no additional confirmatory studies have been undertaken.
Selenium levels in hair correlated significantly with follicle number and oocyte yield after ovarian stimulation, this result remained significant after adjustment of age and BMI. Selenium is a key component of selenoproteins (selenium dependent enzymes with powerful antioxidant properties). In particular, the selenoenzyme glutathione peroxidase (GSHPx) catalyses the reduction of hydrogen peroxides and lipid hydroperoxides thereby protecting cellular structures from further oxidative damage [41] . In animal models selenium deficiency is associated with infertility and miscarriage, and selenium supplementation in sheep has been shown to prevent early miscarriage [42] . In humans, low levels of selenium have been shown to be associated with miscarriage [43] , recurrent miscarriage in particular [44] and pre-eclampsia [45] . Previous studies have demonstrated an important role for GSHPx activity in human follicular fluid. One study on the follicular fluid of 112 patients about to undergo IVF demonstrated a significantly higher level of GSHPx activity in the follicular fluid of those who subsequently had successful fertilisation compared to those who did not [46] .
It appears that the positive relationship between selenium and both oocyte and follicle counts becomes less so at around 1.5 μg/g which may reflect a level above which higher levels of selenium confer no additional benefit on outcome. We found no correlation between the hair and serum levels of zinc and selenium, or the serum levels and response to ovarian stimulation. This finding is supported by previous studies which demonstrated no correlation between hair and serum levels of trace elements; a previous study on levels of selenium in women with recurrent miscarriage found a significant influence of hair levels on outcome, but not serum levels [44] . This suggests that long term nutritional status is more important than short term turnover of trace elements on metabolic processes. The advantages of hair analysis over other biological samples are that trace metal concentrations in hair are not subjected to rapid fluctuations due to short term exposures hence reflects long term nutritional status. Analysis of hair offers a novel method of assessment of lifestyle factors which may be of relevance to infertility.
All subjects had normal FSH levels on day 2 suggesting sufficient baseline ovarian reserve, although anti-Mullerian hormone levels were not available to us and therefore not performed. It would be interesting to adjust for ovarian reserve and other variables and this should be clarified in larger prospective studies.
In conclusion, our results suggest that mercury may act as an endocrine disruptor with a deleterious effect on the ovarian response to gonadotrophin therapy, whilst conversely zinc and selenium may be important in reproductive success and their deficiency sought and addressed for optimum response to therapy.
